Charged particles injected into dielectric material of artificial satellites may cause data flipping, command errors and charges in dielectric material properties. In this work we report the results of an evaluation of rare earth aluminates as possible radiation shields for its application in Low Earth Orbit (LEO) satellite construction. With help of Geant4 software, we calculated the radiation dose that a target receives at a typical LEO (685 km) as a function of the shield thickness. The target used was a silicon plate, the shields used were hollow cubes of rare earth aluminate walls (YAlO 3 , LaAlO 3 , NdAlO 3 and GdAlO 3 ), and we also used aluminium oxide (Al 2 O 3 ). The radiation source was the measured fluxes of electron and proton with a spectrum corresponding to a LEO. We found that of the total radiation dose received by the target without shield is 5847 microGy/hour, of which, the electrons contribute with 94.9% and the protons with 5.1%. The rare earth aluminates are a better shield than the Al 2 O 3 to protect a target against the radiation that permeates a LEO near to equator.
titude and high inclination orbits. Since this electron population also reaches low altitude in the auroral zones, it produces anomalous behavior in both high altitude and low inclination and low altitude and high inclination satellites, but not in high altitude and high inclination satellites [1] and [2] .
Intense fluxes of solar protons (energy > 10 MeV), are efficient in producing satellite anomalies in the external magnetosphere, particularly relevant for high altitude and high inclination satellites which cross the auroral polar region where solar particles can penetrate more easily. Anomalies due to solar protons are infrequent for high altitude and low inclination group satellites whose arbits are close to the geomagnetic equator [1] and [2] .
Recently many efforts have focused on developing dielectric materials with very high quality [3] , investigated the dielectric properties of rare earth aluminates, they found that: 1) most rare earth aluminates have suitable permittivities and quality factors for applications as dielectric resonators, and 2) YAlO 3 is suggested as a promising substrate material for microstrip antennas utilizing high-temperature superconductor thin films.
Aluminium oxide (Al 2 O 3 ) is the most widely used material in the engineering application, and it is better than aluminium as radiation shield because the aluminium has a low electron density [4] .
With help of Geant4 software, we assess the use of rare earth aluminates as possible radiation shields for artificial satellites in low Earth orbit, for this, we calculed the variation of the radiation dose that electrons (from 1 to 10 MeV) and protons (from 10 to 500 MeV) deposit on a silicon plate (target), as a function of the shield thickness.
Setup of the Simulation
Geant4 software is a toolkit for the simulation of the passage of particles through matter. Geant4 physics processes cover diverse interactions over an extended energy range, from optical photons and thermal neutrons to the high energy reactions at cosmic ray experiments [5] .
In Figure 1 , we show schematically the setup for this simulation, it consists of: 1) A silicon plate as a target with a transversal secction of 8 × 8 cm 2 and with a thickness of 1 mm.
2) A hollow cube as shield with a dimension of (10 cm) 3 made of a rare earth aluminate: YAlO 3 , LaAlO 3 , NdAlO 3 and GdAlO 3 . We also used aluminium oxide (Al 2 O 3 ). The thicknesses of the hollow cubes used were from 0 to 3.6 mm, with increments of 0.1 in 0.1 mm.
3) A source of: a) electrons with kinetic energy between 1 and 10 MeV, and b)
protons with kinetic energy between 10 and 500 MeV (see Table 1 ); these particles were injected isotropically into the target. We used these fluxes because according to [6] , are the dominant fluxes for a low Earth orbit (685 km) and near the equator.
In addition to the fluxes shown in Table 1 , we also include a proton flux (0.3 ) with energies between 8 and 12 GeV obtained from [6] , this flux represents the galactic cosmic rays (GCR), their spectrum has a maximum at ~10 GeV, it presents an abrupt fall for higher energies due to the decrease in the flux of GCR, and it also shows a strong fall for lower energies since GCR with To estimate with Geant 4 software the real radiation dose (RD) per hour deposited at the target for a low Earth orbit, we injected the particles isotropically into the target, for each material, for each thickness, for each particle species (electron and proton), and for each kinetic energy. We used the particle spectrum reported in [6] , see Table 1 .
Results and Discussion
Before presenting the results, we want that the reader to keep in mind that the energy loss mechanism of particles depends on their energy, that is, the dominant process for relativistic particles is bremsstrahlung, which leads them to lose a fraction of their kinetic energy directly proportional to their kinetic energy (−dE/dx proportional to E); whereas for non-relativistic particles the dominant process is ionization, which leads them to lose a fraction of their kinetic energy inversely proportional to their kinetic energy (−dE/dx proportional to 1/E).
The electrons used in this work are relativistic particles (see Table 1 ), then to cross a distance in the material equivalent to a radiation length they will lose a fraction of their energy equivalent to ~(1/e)E. Whereas the protons are nonrelativistic particles, when they cross a material the loss energy rate increases as their kinetic energy decreases, the above occurs until they reach a threshold after which they are stopped.
In Figure 2 , we show the radiation dose (RD) deposited at the target by electrons with flat spectrum (10 6 particles per each energy), as a function of the shield thickness of GdAlO 3 ; in this figure we can see that: 1) the RD decreases with increasing of the shield thickness for all energies, and 2) the RD shows a greater attenuation for the electrons of lower energy, and a lower attenuation for When non-relativistic protons cross a material their loss energy rate is inversely proportional to their kinetic energy; then by increasing the material thickness, the protons lose a greater amount of energy, the above occurs to a limit, after their loss energy rate decreases and they are stopped. The above is named Bragg peak profile [7] .
In Figure 3 , we show the RD deposited at the target by protons with flat spectrum (10 6 particles per each energy), as a function of the shield thickness of and 40 MeV respectively; 3) the Bragg peak is generated at a greater shield tickness and with a higher height for higher energy protons.
In Figure 4 , we show the RD deposited at the target by the total set of electrons shown in Table 1 as a function of the shield thickness, in this figure we can see that:
1) For any material used as shield, the RD shows a decrease when increasing the shield thickness.
2) When rare earth aluminates are placed to protect the target, the RD curves show a abrupt decrease from 0 to ~0.6 mm of shield thickness; this is essentially because the shield thickness is enough to stop a significant amount of low energy electrons, which contribute significantly to the total flux (see Table 1 ).
3) The RD curves show a less pronounced decrease for shield thicknesses The Al 2 O 3 produces attenuation in the RD, however, the rare earth aluminates are better materials to shield since the attenuation of the RD is considerably larger.
4) From the rare earth aluminates simulated in this work, GdAlO 3 generates the largest attenuation in the RD deposited at the target, using a thickness of 0.2 mm of this material we can reduce the RD to ~50%. Y 2 O 3 is the least efficient material to protect the target against this radiation, a thickness of 0.5 mm is neccesary to reduce the RD to ~50%.
In Figure 5 , we show the RD deposited at the target by the total set of electrons shown in Table 1 as a function of the shield thickness, in this figure we can see that: Table 1 , as a function of the shield thickness made of rare earth aluminates. Electron spectrum was taken from [6] . Figure 5 . Radiation dose deposited at the target by the total set of protons shown in Table 1 , as a function of the shield thickness made of rare earth aluminates. Proton spectrum was taken from [6] . 2) The RD curves show an abrupt fall from 0 to ~1.2 mm, the reason for this is that the shield thickness is enough to stop a significant amount of low energy protons (<25 MeV), which contribute significantly to the total RD.
3) After ~1.2 mm of the shield thickness, the RD curves show some peaks due to the contribution of the Bragg peak generated by each set of protons with a given energy, because we used a discrete spectrum.
4) GdAlO 3 is the best material to protect the target against this radiation since it generates a greater attenuation of the RD; graphically we can see that its peaks show a lower height and these are shifted to the left with respect to the peaks of the other materials.
In Figure 6 and Figure 7 , we show the total RD deposited at the target by the Figure 6 . Total radiation dose deposited at the target by the total set of electrons and protons shown in ). Spectrums were taken from [6] . Figure 7 . Total radiation dose deposited at the target by the total set of electrons and protons shown in ). Spectrums were taken from [6] . 1) The total RD deposited at the target without shield is 5847 microGy/hour, of which, 5550 microGy/hour (94.9%) is by contribution of electrons and 297 microGy/hour (5.1%) by contribution of protons; the above is due to the fact that electron flux is ~100 times the proton flux.
2) The Al 2 O 3 is a good material to shield the target because it produces attenuation in the RD, however, we found that the rare earth aluminates are better materials to shield since the attenuation of the RD is considerably larger.
3) When we used rare earth aluminates as shield, the RD curves show an abrupt decrease from no shield to 0.4 mm of shield thickness, the RD is reduced to ~50% compared to the value without shield. This is due to the fact that the shield used is enough to stop a significant amount of electrons with energy < 5 MeV and protons with energy < 15 MeV.
4) For thicknesses greater than 0.4 mm the decrease of the RD is less pronounced.
When a charged particle penetrates a material, nuclear interactions between the incident particle and the nuclei of the atoms may occur, however, this type of interaction has a very low probability; the dominant process is the Coulomb interactions due to electrical forces between the incident particle and both the electrons and nuclei of the absorbing medium, generating the loss of kinetic energy in the incident particle. In this sense, rare earth aluminates are more efficient materials to reduce the RD than Al 2 O 3 because they have a higher density of electrons and nuclei.
The amount of mass is an important factor for artificial satellites. In Table 2, we show the density of the materials used as shield in this work, and the shield thicknesses necessary to reduce the RD deposited at the target to different percentages, in this table we can see that, 1) the ratio between the density of rare earth aluminates and the density of Al 2 O 3 is less than 1.9; 2) the rare earth Table 2 . Shield thicknesses of rare earth aluminates and aluminium oxide, necessary to reduce the RD deposited at the target by total set of electrons and protons shown in Table  1 . The RD deposited at the target without shield is 5,847 microGy/hour. The material densities were taken from [3] . In Figure 6 and Figure 7 , we omited the contribution of the galactic cosmic rays because this is not very important, the RD that they deposit at the target is low (~1 microGy/hour) and does not present variations with the different thicknesses used since these particles have high energy (~10 GeV).
Summary
This study is aimed to assess of rare earth aluminates as possible radiation shield for artificial satellites in low Earth orbit. To do this work, we used Geant4 software to calculate the radiation dose that electrons (from 1 to 10 MeV) and protons (from 10 to 500 MeV) deposit at a silicon plate as a function of the thickness of the hollow cubes made with rare earth aluminates and aluminium oxide used as shield. According to [6] , these particles with these energies are the dominant fluxes in a low Earth orbit near from equator.
In this work, we found that the total radiation dose received by the target without shield is 5847 microGy/hour, which the electrons contribute with 94.9% and the protons with 5.1%.
We found that the rare earth aluminates used in this work, provide better protection against radiation (see Table 1 ), a protection that is also possible with Al 2 O 3 , but with a much smaller amount of mass. We conclude that NdAlO 3 and GdAlO 3 are the most efficient shield for spacecrafts in low Earth orbit.
The placing in orbit of an artificial satellite involves many variables for the materials; in a future work, we will assess the rare earth aluminates under mechanical and thermal tests to which the artificial satellites are subjected during their launching.
